Host cell infection by sexually transmitted disease (STD)-causing microbes and fertilization by spermatozoa may have some mechanisms in common. If so, certain noncytotoxic agents could inhibit the functional activity of both organisms. High molecular mass poly(sodium 4-styrenesulfonate) (T-PSS) may be one of these compounds. T-PSS alone (1 mg/ml) or in a gel (2% or 5% T-PSS) completely prevented conception in the rabbit. Contraception was not due to sperm cytotoxicity or to an effect on sperm migration. However, T-PSS inhibited sperm hyaluronidase (IC 50 ‫؍‬ 5.3 g/ml) and acrosin (IC 50 ‫؍‬ 0.3 g/ml) and caused the loss of acrosomes from spermatozoa (85% maximal loss by 0.5 g/ml). T-PSS (5% in gel) also reduced sperm penetration into bovine cervical mucus (73% inhibition by 1 mg gel/ml). T-PSS (5% in gel) inhibited human immunodeficiency virus (HIV; IC 50 ‫؍‬ 16 g gel/ml) and herpes simplex viruses (HSV-1 and HSV-2; IC 50 ‫؍‬ 1.3 and 1.0 g gel/ml, respectively). The drug showed high efficacy against a number of clinical isolates and laboratory strains. T-PSS (5% in gel) also inhibited Neisseria gonorrhea (IC 50 Ͻ 1.0 gel/ml) and Chlamydia trachomatis (IC 50 ‫؍‬ 1.2 g gel/ml) but had no effect on lactobacilli. These results imply that T-PSS is an effective functional inhibitor of both spermatozoa and certain STD-causing microbes. The noncytotoxic nature should make T-PSS safe for vaginal use. T-PSS was nonmutagenic in vitro and possessed an acute oral toxicity of Ͼ5 g/kg (rat). Gel with 10% T-PSS did not irritate the skin or penile mucosa (rabbit) and caused no dermal sensitization (guinea pig). Vaginal administration of the 5% T-PSS gel to the rabbit for 14 consecutive days caused no systemic toxicity and only mild (acceptable) vaginal irritation. T-PSS in gel form is worthy of clinical evaluation as a vaginal contraceptive HIV/ STD preventative. fertilization, sperm, sperm motility and transport, toxicology, vagina
INTRODUCTION
Acquired immunodeficiency syndrome (AIDS) has caused a worldwide crisis. An estimated 5.8 million new infections by the human immunodeficiency virus (HIV) occurred in 1998, approximately 16 000 each day [1] . By the end of 1998, more than 43 million people had AIDS or were infected with the HIV virus. Presently, the majority of HIV infections occur through heterosexual contact. Women are particularly at risk. In 1998, 43% of the AIDS cases or HIV infections were in women [1] . Prevalences of other sexually transmitted diseases (STDs) are also on the rise. In 1995, more than 333 million new cases of Chlamydia and Trichomonas infections, gonorrhea, and syphilis occurred worldwide [2] . Not only are these other STDs a serious problem by themselves but they also increase the risk of HIV infection [3] . At the same time, the world population continues its steep rise [4] . The tragedy, suffering, and costs associated with infectious diseases and overpopulation are staggering.
For women, only those techniques preventing contact of semen with the genital tract or methods that inactivate HIV and STD pathogens and spermatozoa after ejaculation can prevent both infection and unplanned pregnancies. Condoms, both male and female, provide a physical barrier to the seminal contents, but because the use of these devices has been limited they have not had a major impact on disease prevention. In many cultures, it is difficult for woman to negotiate condom use. Thus, it is important to develop woman-controlled methodologies, i.e., prophylactic vaginal products, such as gels, suppositories, and foams, that are microbicidal and spermicidal.
Vaginal contraceptive products have been available for many years and usually contain the membrane-cytotoxic detergent/surfactant nonoxynol-9 as the active ingredient [5, 6] . However, frequent use of nonoxynol-9 products can cause irritation and inflammation of the vagina [7] [8] [9] . Nonoxynol-9 is toxic to vaginal and cervical cells [10] , increases the permeability of vaginal tissue [11] , and can inactivate lactobacilli [12, 13] . Lactobacilli produce lactic acid and hydrogen peroxide that serve to maintain the acidic pH of the vagina (approximately 3.5-5.0). At this pH, a number of STD-causing organisms, HIV, and spermatozoa are inactivated [14] [15] [16] . Disturbance of the vaginal microbial milieu can lead to vaginal infections, which in turn increase the chance of HIV/STD transmission [17] .
Vaginal contraceptive products that contain nonoxynol-9 have high efficacy in preventing vaginal but not rectal herpes infections in the mouse model [18, 19] but appear to be of limited effectiveness clinically in preventing gonococcal and chlamydial infections [20] . So far, nonoxynol-9 products have been ineffective in preventing HIV transmission [21, 22] . The most recent data with one of these vaginal nonoxynol-9 products, Advantage S (Columbia Laboratories, Aventura, FL), suggest that the compound may even enhance HIV transmission, at least when used frequently [23] , an effect also suggested previously [21] . It is important to identify and evaluate new contraceptive antimicrobial agents that can be used vaginally in effective doses without inactivating lactobacilli or causing overt vaginal irritation or other toxicity.
Many of the new vaginal antimicrobial compounds receiving attention during the past decade are cytotoxic, similar to nonoxynol-9 [24, 25] . Such cytotoxic agents are also likely to cause vaginal irritation and to inactivate the normal vaginal flora when used frequently at clinically effective doses.
In our search for agents that have noncytotoxic modes of action, we hypothesized that spermatozoa and several of the STD-causing microbes share common mechanisms whereby they bind to and enter into host cells. Thus, certain compounds may inhibit the functional activity of both types of organisms. Sulfated/sulfonated polymers and/or polysaccharides appeared to be compounds that fall into this category because some have been reported to inhibit STDcausing microbes [26] [27] [28] [29] , whereas others are known to be contraceptive [30, 31] . Our subsequent studies suggested that several of these compounds, including poly(sodium 4-styrenesulfonate; PSS) and cellulose sulfate, have dual activities [32, 33] . Contraceptive antimicrobial agents are of particular clinical interest because consumer preference studies suggest that most women worldwide prefer a vaginal prophylactic product to be both antimicrobial and contraceptive [34] (L. Fransen, European Commission, HIV/ AIDS Programme in Developing Countries, News Release, 1998). Such dual activity can also be achieved by mixing nonoxynol-9 with a noncontraceptive sulfated polymer/ polysaccharide [35] . However, it is more desirable for a single noncytotoxic agent to possess both properties because the addition of nonoxynol-9 will enhance toxic effects and may lead to formulation difficulties.
PSS comes in a variety of molecular masses, starting at about 4000 daltons. A high molecular mass (Ͼ500 000 daltons) compound was selected by the Program for the Topical Prevention of Conception and Disease (TOPCAD, Chicago, IL) for evaluation of its activity towards spermatozoa and STD-causing microbes. TOPCAD is a university-based program focusing on the discovery and development of vaginal antimicrobial contraceptive compounds and formulations. The high molecular mass was deemed desirable because it makes absorption by the vagina extremely unlikely [36] , essentially eliminating any chance of systemic toxicity. Other forms of PSS (molecular mass unknown) have been reported to inhibit HIV [37, 38] , inactivate the respiratory syncytial and influenza A viruses [39] , and prevent vaginal herpes infection in the mouse [40] .
Our original data on PSS were obtained with commercial material manufactured utilizing chlorinated hydrocarbons for the sulfonation of a long chain polystyrene to produce high molecular mass material [32] . However, residues of toxic chlorinated hydrocarbons may remain in the polymer preparation, making it undesirable for clinical use, and may affect test outcome. Therefore, TOPCAD developed an alternative method of synthesis for high molecular mass PSS utilizing a water-based polymerization of 4-styrenesulfonate that eliminates toxic residues in the preparation. This product is referred to as T-PSS. Initial tests with T-PSS showed inhibition of herpes simplex viruses (HSV-1 and HSV-2), Neisseria gonorrhea, and Chlamydia trachomatis [41] .
These preliminary results encouraged the further evaluation of T-PSS for its sperm inhibitory, contraceptive, and antimicrobial properties. Studies focused on the compound in gel because this is the method whereby T-PSS will be used vaginally, but information was also obtained on the compound alone (drug substance) and used for comparative purposes to assess whether the compound retained full effectiveness in the formulation. The present experiments revealed that T-PSS (alone or in a gel) 1) is highly contraceptive without affecting sperm transport, 2) is not cytotoxic to spermatozoa, 3) inhibits hyaluronidase, acrosin, and cervical mucus penetration of spermatozoa, 4) causes the loss of the acrosomes from spermatozoa, and 5) inactivates HIV and HSV (both laboratory and clinical strains), gonococci, and chlamydia without being cytotoxic to the host cells. These results support the hypothesis that T-PSS does not act on a cytotoxic basis but rather inhibits the functional activity of both spermatozoa and certain STDcausing microbes. In addition, PSS retains its activity in gel formulations. The lack of cytotoxicity should make T-PSS safe for vaginal use; it had no effect on lactobacilli and was considered safe based on in vitro and animal toxicity studies. Our observations suggest that T-PSS is a novel vaginal contraceptive antimicrobial agent and that the gel form should be evaluated for its safety and efficacy in women.
MATERIALS AND METHODS

Materials
T-PSS (lot TC97001) was manufactured under Good Manufacturing Procedure (GMP) conditions by TOPCAD using free-radical polymerization of sodium styrene sulfonate in water (unpublished results). The polymer has a peak molecular mass of 864 kDa and an average molecular mass of 751 kDa. T-PSS is highly soluble in water (Ͼ330 mg/ml). A gel formulation (lot 312/118) containing 5% (50 mg/ml) T-PSS was manufactured under GMP conditions by Advanced Care Products (North Brunswick, NJ), utilizing hydroxyethyl cellulose, glycerin, propylene glycol, benzoic acid, methylparaben, and NaOH as a base material in a proprietary mixture. This formulation was used as the standard test gel for most experiments. Gel with 0% (placebo), 1%, and 2% T-PSS were also manufactured with additional hydroxyethyl cellulose to control for viscosity (75 000-80 000 cps). A 5% T-PSS gel was also prepared using K-Y Jelly (Advanced Care Products, Raritan, NJ) as base.
Contraception, Sperm Transport, and Sperm Function Inhibition Studies
All animal studies were approved by the Institutional Animal Care and Use Committee and performed according to the Guide for Care and Use of Laboratory Animals.
Contraception. Details of the rabbit source and type, maintenance, hormone treatment to induce ovulation, artificial insemination, and collection of oocytes were previously presented [32, 42] . Spermatozoa were obtained from New Zealand White rabbits using an artificial vagina made in the laboratory, washed by mild centrifugation, and resuspended in phosphatefree Tyrode albumin lactate pyruvate (TALP) medium without albumin. The suspension was adjusted with TALP medium to a concentration of 62 ϫ 10 6 spermatozoa/ml. Two experiments were performed. When the contraceptive effect of the T-PSS gel or its placebo was tested, the formulation (0.75 ml) was placed vaginally with a plastic insemination tube past the pelvic bone, followed 15 min later by insemination with 0.5 ml of washed spermatozoa (total: 31 ϫ 10 6 ) in the same vaginal location. When the direct effect of the T-PSS drug substance on spermatozoa was to be determined, the gametes were incubated in a 9:1 (v/v) ratio with a 10-fold concentration of T-PSS, dissolved in TALP (0.45 ml of the sperm suspension mixed with 0.05 ml of the compound) for 15 min, and the mixture inseminated into the vagina of a hormone-treated female rabbit (without formulation in the vagina). In both experiments, the rabbits were killed with Sleep-away (Fort Dodge Laboratories, Fort Dodge, IA) approximately 28-34 h after insemination, and the oocytes were flushed from the oviducts and examined microscopically for cleavage (embryo formation). Data are reported as the percentage of fertilized oocytes recovered for each rabbit.
Effect on sperm transport. Spermatozoa were obtained with an artificial vagina, washed by centrifugation, and resuspended in TALP buffer to a concentration of 400 ϫ 10 6 spermatozoa/ml, and 0.5 ml of this final suspension was artificially inseminated into hormone-treated female rabbits as described in the previous section. The high number of spermatozoa was required to obtain sufficient recovery in the uterus and oviducts for reliable measurement. The T-PSS was formulated both in the hydroxycellulosebased gel and in K-Y Jelly. The same gels without T-PSS were used as placebos. Fifteen minutes prior to insemination, 0.75 ml of either the T-PSS gel or the placebo gel were placed vaginally in each rabbit. Approximately 6.5 h after insemination, the vagina from each rabbit was aspirated with 1.4 ml of modified TALP buffer by placing an insemination tube lubricated with K-Y Jelly into the vagina, past the pelvic bone. The buffer was expelled and then aspirated back into the insemination tube. After collection of the vaginal contents, the rabbits were killed with Sleep-away, and an incision was made in the abdomen along the midline. The uteri and cervical junctions were located. The right uterus was cut at its junction with the vagina. The vagina was proximally flushed by placing the insemination tube into the cervical os, repeatedly expelling 1.4 ml of TALP buffer, and drawing the buffer back into the insemination tube. The perfusate was then combined with the first vaginal aspirate. This procedure was then repeated.
Both uteri were excised from the reproductive tract, approximately 1.3 cm proximal to the utero-oviductal junction and at the uterocervical junction. The outside of each uterus was rinsed, and each uterine lumen was flushed with 2.25 ml of TALP buffer using a 3-ml syringe attached to a needle and a short piece of firm 1.5-mm (inside diameter) polyethylene tubing. The buffer was allowed to drain from both uteri into a small plastic funnel that was placed into a plastic culture tube. Buffer that remained in the uterus was extruded by forcing the thumb and forefinger along each uterus. The small portions of the uteri that remained attached to the oviducts were flushed with 0.2 ml of TALP buffer. The washings were pooled with the other uterine washings. Subsequently, each oviduct was perfused proximally with 1.8 ml of TALP buffer, and the oviductal perfusates were pooled.
Sperm counts from vaginal washes were made under bright-field microscopy with a Neubauer hemocytometer (400ϫ) after appropriate dilution. Uterine and oviductal sperm counts were determined similarly before and after concentration by centrifugation, when appropriate.
Sperm function inhibition. The use of human semen donors was approved by the Institutional Review Board and informed consent was obtained before participation.
Inhibition of sperm motility, hyaluronidase, and acrosin and the dispersal of the sperm acrosome were evaluated as detailed elsewhere [32, 42] . To determine the effect of test material on the ability of spermatozoa to penetrate cervical mucus, one end of a Penetrak tube (bovine cervical mucus; BioChem ImmunoSystems, Allentown, PA) was immersed for 30 min into a solution containing the test agent. The tube was removed from the test solution, and 50 l of donor human semen, diluted with Baker buffer (27.4 mM Na 2 HPO 4 , 0.6 mM KH 2 PO 4 , and 167 mM glucose, pH 8.1) to a final concentration of 60 ϫ 10 6 sperm/ml (minimum initial percentage of motile spermatozoa was 50%), was added to the test solution. The Penetrak tube was reimmersed into the test solution containing the sperm mixture, and the system was allowed to incubate at room temperature for 1 h. The tube was removed and examined microscopically to determine the length of the tube that was traversed by the most advanced motile spermatozoa. This distance was compared with that achieved by the most advanced spermatozoa from a sample containing no test substance (control). Migration distance achieved by the spermatozoa contained in the test solution was reported as a percentage of the distance achieved by the control sperm.
Statistical analyses. Hyaluronidase and acrosin activities were expressed as means and SEMs. Data were best-fit to curves generated with TableCurve 2D software (SPSS Statistical Software, Chicago, IL), from which the IC 50 of enzyme inhibition and coefficients of determination of the fitted curves were calculated [43] . Percentage data collected from the acrosomal loss, sperm immobilization, and contraception studies were subjected to arcsine transformation [44] before further analysis. In the contraception studies, the number of rabbits rather than the number of oocytes recovered was used as the sample size. Data were back-transformed for presentation and, depending on the assay, presented either as average percentage of maximal acrosomal loss, percentage of motile spermatozoa, or percentage of fertilization, with 90% confidence limits. Sperm transport data (sperm count) were subjected to logarithmic transformation [44] prior to further analysis. Values were expressed as log (total sperm) recovered in each area of the reproductive tract and as the back-transformed averages, with 90% confidence limits. Differences in acrosomal loss, contraception, and sperm transport in the presence and absence of test agent were compared with the Student t-test using the transformed data.
Antimicrobial Activity
HIV-1 inhibition assays, originally using the laboratory strain IIIB propagated in a T4-lymphoblastoid line and clinical isolates obtained from the University of Alabama at Birmingham, were performed using MT2 host cells and human periferal blood mononuclear cells (PBMCs) as described elsewhere [32] . The non-syncytium-inducing clinical isolates, RoJo and TEKI, were incubated with serial dilutions of the agents and PBMCs for 6 h. Incubation was terminated by centrifugation (350 ϫ g, 10 min, 4ЊC) and replacing 75% of the medium. Cultures were then continued for 6 days, and virus replication was assessed by evaluation of reverse transcriptase activity in the supernatant. Techniques of the herpes, chlamydial, and gonococcal assays were published previously [41] . The HSV strains used in a plaque reduction assay were HSV-1 strain 17, HSV-2 strain 333, and clinical isolates designated as BBKC, MMA [45] , DT2 [46] , and H1 (obtained from a genital lesion of an HIV-positive male with persistent, extensive mucosal disease). Infectivity assays with C. trachomatis utilized serotype E-UW-5/CS on HeLa cells. The gonococcal assays evaluated the effect on N. gonorrhea MS11 growth on agar. The inhibitory effect of test agents towards lactobacillus growth was evaluated using Lactobacillus gasseri as detailed previously [32, 42] . Dose-response studies were performed with each microbe (unless the highest dose tested was without inhibitory effect).
Data on the antimicrobial activity were subjected to logarithmic transformation [44] before further analysis. Values are presented as the backtransformed average titers, with 90% confidence limits. Differences in C. trachomatis titers among treatment groups were evaluated with the Newmann-Keul multiple range test [47] . IC 50 values and concentrations of test agent yielding 3-log reductions in infectivity (99.9% inhibition of microbial titer) were calculated from curves fit to the data with the TableCurve 2D software.
Safety Studies
All procedures were performed in compliance with Good Laboratory Practice (GLP) regulations at Biologic Safety Research Laboratory (Maywood, IL) under the direction of one of the investigators (D.W.). The bacterial reverse mutation assay was performed at BioReliance (Rockville, MD).
Bacterial reverse mutation assay (Ames test). The mutagenic potential of T-PSS was evaluated by the plate incorporation method [48] after dissolution in water at a maximum concentration of 5.0 mg/ml. Salmonella typhimurium (strains TA98, TA1000, TA1535, and TA1537) and Escherichia coli (strain WP2 uvrA) were used in the presence and absence of Aroclor-induced rat liver S9. The maximum dose tested was 5000 g/ plate.
Limit test for acute oral toxicity. Acute oral toxicity of T-PSS was determined by the limit test [49] . T-PSS was prepared as a 33% solution in distilled water and was administered by oral gavage as a single dose of 5.0 g/kg body weight to five adult male and five adult female rats (Sprague-Dawley). The animals were observed for pharmacotoxic signs and mortality during a 14-day postadministration observation period. A gross necropsy examination was performed on all animals at the end of the 14-day observation period.
Primary dermal irritation. The test gels containing 10% T-PSS and placebo gel were applied topically (0.5 ml/site) to one intact and one abraded test site per rabbit [49] . Each group consisted of six mature male New Zealand White rabbits. The test site was occluded by covering each site with a gauze pad and overwrapping the site with 4 mil (100 m) plastic for 24 h following application of the gel. Dermal irritation was scored according to the Draize scoring system [50] at 24 and 72 h after gel application.
Penile mucosal irritation. The test gel containing 10% T-PSS or placebo gel (0.2 ml) were applied directly to the penis of six mature male New Zealand White rabbits hourly for 4 h on three consecutive days. Three rabbits served as a sham control group. All animals were observed for erythema and eschar formation prior to the application of the test material and at 1, 24, and 48 h after the last application. The penises were a Washed ejaculated spermatozoa (68 ϫ 10 6 sperm/ml) were incubated for 15 min with 10-fold concentrated T-PSS in a 9:1 sperm:test solution ratio, and 0.5 ml of the mixture was inseminated into eCG/hCG-treated rabbits. Oocytes were collected 28-34 h later and scored for cleavage (fertilization). b Gel (0.75 ml) was placed vaginally with a cannula in eCG/hCG-treated rabbits. Rabbits were inseminated with 0.5 ml of washed ejaculated spermatozoa (total: 31 ϫ 10 6 spermatozoa). Oocytes were collected after 28-34 h and scored for cleavage (fertilization).
FIG. 1. Effect of 5% T-PSS gel on sperm migration in the rabbit. Approximately 15 min prior to insemination, each rabbit was treated vaginally with 0.75 ml of a 5% (w/w) T-PSS formulation (solid bars) or a formulation that contained no T-PSS (open bars). Semen for each experiment was collected from three New Zealand White rabbits and was pooled. Spermatozoa were washed in modified TALP buffer, and the suspension was adjusted to a sperm concentration of 400 ϫ 10 6 spermatozoa/ml. The insemination volume was 0.5 ml. Approximately 6.5 h after insemination, spermatozoa were flushed from the vagina with TALP buffer, the rabbits killed, and the uteri and oviducts were excised and flushed.
dissected at the base of the pelvis (leaving the sheath intact), evaluated for gross pathology, and fixed in buffered formalin. Sections from the fixed penises were blocked, sectioned, stained with hematoxylin and eosin, and evaluated for microscopic pathologic changes.
Dermal sensitization. Dermal sensitivity was performed utilizing a modified Buehler procedure [49] . T-PSS (10% in gel; 0.5 ml) or the placebo gel was placed in a Hilltop-style occlusive chamber applied to the shaved left trunk of 10 male albino guinea pigs. Each chamber was then overwrapped around the entire trunk with Micropore tape and further secured with a wrap of surgical tape. The animals were unwrapped after a 6-h exposure period. The induction phase consisted of treating the animals once weekly for 3 wk with the gels, and skin was scored for irritation 24 and 48 h after each application. Two weeks after the final induction dose, each animal received a challenge dose at a naive site located on the right trunk (6-h exposure period). Skins were scored for irritation 24 and 48 h after the challenge application. Using the same regimen, 0.4 ml of 2.5% ␣-hexylcinnamaldehyde, 85% (Aldrich Chemical Co., St. Louis, MO) was administered to 10 male guinea pigs to serve as a positive control.
Fourteen-day subacute/vaginal irritation. Vaginal irritation testing was performed with 10% T-PSS gel and placebo gel in New Zealand White rabbits and ovariectomized Sprague-Dawley rats utilizing a procedure modified from that of Gad and Chengelis [49] . Thirty mature females of each species were divided into three test groups. One group consisted of untreated control animals. Animals in the other two groups were treated vaginally for 14 consecutive days with either T-PSS gel or placebo gel (1 ml for rabbits and 0.1 ml for rats). All animals were weighed on the first day of dosing and every seventh day thereafter. The animals were observed at least twice daily for moribundity/mortality. Approximately 0.5 and 4 h after dosing, observations were also made for vaginal bleeding and discharges, appearance, behavior, and pharmacotoxic signs. Detailed physical observations were performed daily. The animals were necropsied 24 h after the final vaginal dose of gel. The adrenal gland (left and right), cervix, heart, kidney, liver, lung, lymph node (mediastinal), ovary, oviduct, pancreas, spleen, urinary bladder, urethra, uterus, vagina, and vulva were excised, fixed, and examined histopathologically. The adrenal glands, spleen, liver, and kidneys were weighed before fixation.
Blood was collected at necropsy. Hematological measurements included hematocrit, hemoglobin concentration, erythrocyte count, total and differential leukocyte count, and platelet count. Clinical chemistry tests were conducted for glucose, blood urea nitrogen (BUN), chloride, sodium, total serum protein, potassium, calcium, albumin, globulin, albumin:globulin ratio, blood creatinine, cholesterol, inorganic phosphate, total bilirubin, creatine kinase, serum glutamic-pyruvic transaminase, and serum glutamic-oxaloacetic transminase. Blood coagulation tests included prothrombin time, activated partial thrombin time, and fibrinogen concentration.
RESULTS
Contraceptive Effect
T-PSS was an effective contraceptive in the rabbit model when the drug substance was mixed with spermatozoa before artificial insemination and when gel with 2% or 5% T-PSS was placed vaginally before artificial insemination (Table 1). The placebo or gel with 1% T-PSS had no or only minimal contraceptive effects.
Lack of Effect on Sperm Migration
The contraceptive properties of the T-PSS gel were not due to an inhibitory effect on sperm migration (Fig. 1) . Vaginal placement of the 5% test gel or the placebo gel in rabbits, followed by artificial insemination, resulted in the recovery of essentially the same number of spermatozoa from the vagina and oviducts in animals of both treatment groups. However, a relatively small but significant decrease (22% in the log transformed number of recovered spermatozoa) was noted in the number of spermatozoa recovered from the uterus.
Sperm Function Inhibition
T-PSS at 10 mg/ml had no cytotoxic effects on spermatozoa as assessed by percentage of motile spermatozoa ( Table 2) . No agglutination of spermatozoa was observed in these tests. Test gel with 5% T-PSS or the placebo gel also exhibited no cytotoxic effects on spermatozoa at the highest doses tested (200 mg gel/ml; n ϭ 3).
T-PSS effectively inhibited hyaluronidase and acrosin ( Table 2 ). Inhibition of both enzymes was irreversible. The compound retained its enzyme inhibitory properties in test gel formulation as assessed at single concentrations (selected from the dose-response curve obtained with the T-PSS drug substance). When 60 g/ml of the 5% T-PSS gel was used (i.e., 3 g/ml T-PSS), hyaluronidase was inhibited by 57% (n ϭ 3), and when 200 g/ml of the T-PSS gel was used (i.e., 10 g/ml T-PSS), acrosin was inhibited by 63% (n ϭ 3). The placebo gel had no effect on either enzyme at 200 g/ml (highest dose tested).
The compound (tested at a single concentration) induced the loss of acrosomes from human spermatozoa ( Table 2) . No inhibition at 10 mg/ml IC 50 ϭ 5.3 g/ml; IC 99.9 ϭ 20 g/ml IC 50 ϭ 0.3 g/ml; IC 99.9 ϭ 89 g/ml 85% of maximal loss by 0.5 g/ml 28.5% Ϯ 2.9% inhibition by 1 mg/ml a T-PSS in saline, adjusted to pH 7.0, was mixed with freshly ejaculated semen in a 5:1 ratio, and the percentage of motile spermatozoa determined after 30 sec according to the method of Sander and Cramer [68] . Motility of untreated spermatozoa was 70% (67.5-73.4%). Motility of T-PSS treated spermatozoa was 68% (67.5-68.5%) (mean and 90% confidence limits; n ϭ 6). b Reaction mixtures (0.25 ml) consisted of sodium acetate (0.1 M) containing 0.15 M NaCl pH 5.5 (acetate buffer), hyaluronidase (7.2 U), and hyaluronic acid (0.3 mg/ml). The enzyme was preincubated with different concentrations of T-PSS for 10 min before starting the reaction by addition of hyaluronic acid. Enzyme reactions were determined by the method of Aronson and Davidson [69] . c Reaction mixtures contained the following: sodium phosphate (50 mM) pH 7.5, human acrosin (305 mIU), n␣-benzoyl-L-arginine ethyl ester (0.05 mM), and different concentrations of T-PSS at total volume of 1 ml [70] . The change in absorbency was measured spectrophotometrically at 253 nm. d Washed human spermatozoa were incubated with T-PSS or ionophore A23187 for 15 min, and the presence or absence of the sperm acrosome was determined after fixation in gluteraldehyde and staining with Bismarck brown and rose bengal [71] . T-PSS produced 85% (90% confidence limits ϭ 79.4-90.6%) of the acrosomal loss of ionophore A23187 (n ϭ 4). e T-PSS was dissolved in Baker buffer, and a Penetrak tube (bovine cervical mucus) was placed in the solution for 30 min. The tube was removed, and 50 l of 60 ϫ 10 6 sperm/ml was added to the T-PSS solution. The Penetrak tube was reimmersed in the mixture. After 1 h, the tube was removed, and the distance traversed by the most advanced motile spermatozoa was determined microscopically. Comparisons were performed with Baker buffer only (without T-PSS). n ϭ 10. No effect at 100 mg gel/ml (highest dose tested) a HIV-1 infectivity was evaluated by the viral binding inhibition assay [72] . Serial dilutions of T-PSS gel were added to MT2 cells in RPMI 1640 medium supplemented with 10% fetal bovine serum, 100 IU/ml penicillin, 100 g/ml streptomycin, 20 g/ml gentomicin, and 25 mM Hepes. Following addition of virus (HIV-1 strain III B ) and incubation for 48-72 h, syncytium formation was evaluated microscopically. b HSV infectivity was determined by the plaque reduction assay [29] . Host cells for both HSV-1 (strain 17) and HSV-2 (strain 333) were CaSki cells (human cervical cell line, ATCC). Virus (200-500 pfu/well) was mixed with serial dilutions of T-PSS gel immediately prior to inoculating CaSki cells at 37ЊC. After a 2-h adsorption and penetration period, the inoculum was removed, cells washed, and overlaid with media containing methylcellulose. Plaques were visualized by immunostaining (blue-plaque assay) after 48 h [29] . Similar results were obtained with several different cell lines, including primary human cervical cells. c Gonococcal growth inhibition was determined [41] . Gonococci (strain MS11, isolated from an uncomplicated case of gonorrhea) were diluted in broth to 10 6 cfu/ml. Serial dilutions of T-PSS gel were mixed with agar and poured into Petri dishes. The agar plates were inoculated with 20 l of different concentrations of gonococci in broth and incubated overnight, and the number of colonies was counted. d Infectivity inhibition of chlamydia was assessed by inoculating HeLa monolayers with 100 l of different dilutions of C. trachomatis (serotype E/UW-5/CX) in the presence or absence of serial dilutions of T-PSS gel [29] preincubated for 4 h. After 1 h, the monolayers were washed to remove the T-PSS and chlamydia that remained in solution. Following another 48-h incubation, the HeLa monolayers were fixed, and presence of chlamydial inclusions was determined by fluorescent microscopy after treatment with fluorescein-conjugated monoclonal antibody. e Lactobacillus gasseri was cultured under anaerobic conditions in MRS broth in the presence and absence of T-PSS gel, and growth was determined turbidometrically at 550 nm after 120 min and at 20-min intervals thereafter for a total of 260 min [32] .
Maximal acrosomal loss caused by ionophore A23187 under the same experimental conditions was taken as the maximal loss that could be induced [32] . The acrosomal lossinducing properties of T-PSS were retained after formulating the compound. The test gel with 5% T-PSS caused 71% maximal ionophore-induced loss at 10 g/ml gel (i.e., 0.5 g/ml T-PSS), whereas the placebo had a Ͻ10% stimulatory effect at the same gel concentration (n ϭ 4). T-PSS had some inhibitory effect on the penetration of human spermatozoa into cervical mucus (Table 2) . Furthermore, 1 mg/ml of the 5% T-PSS gel (i.e., 0.05 mg/ml T-PSS) reduced sperm entry into cervical mucus to 29.6% Ϯ 3.9% of the value for the untreated control group (n ϭ 10). However, the placebo gel also had an effect on sperm penetration of cervical mucus; 1 mg/ml of placebo reduced sperm penetration to 57.0% Ϯ 4.4% of the value for the untreated control (n ϭ 10), most likely explaining the apparent increased effectiveness of the T-PSS gel in inhibiting cervical mucus penetration as compared with the drug substance.
Antimicrobial Activity
Test gel with 5% T-PSS was highly effective against all STD-causing microbes tested, including HIV (Table 3 ). The placebo gel had no effect on these microbes at the highest doses tested (200 g gel/ml). The T-PSS gel and the placebo gel had no cytotoxic effects on the host cells at the highest doses tested.
Additional studies, i.e., not reported previously [41] , were performed with T-PSS alone (not in gel). The compound was an effective inhibitor of HIV-1 IIIB, a lymphocytotropic strain, with an IC 50 of 2.9 g/ml and 3-log reduction (IC 99.9 ) at 8.9 g/ml. T-PSS displayed broad inhibitory activity against different laboratory strains, including the monocytotropic ADA and Bal and clinical isolates RoJo and TEKI, with IC 50 values ranging from 0.3 to 7.9 g/ml. The compound also possessed high inhibitory activity against clinical HSV-2 isolates. The IC 50 values against MMA, BBKC, DT2, and H1 were 0.18, 0.16, 0.10, and 0.12 g/ml, respectively.
The T-PSS drug substance (5 mg/ml), the 5% T-PSS gel (100 mg gel/ml), and the placebo (100 mg gel/ml) had no effect on lactobacillus growth (Table 3) .
Safety/ Toxicity Studies
A maximum dose of 5 mg T-PSS per plate was tested in the in vitro mutagenicity assay (bacterial reverse mutation assay). No positive response was obtained even at the highest dose (Table 4 ). In the acute toxicity studies, all rats survived treatment with 5.0 g/kg body weight T-PSS in apparent good health and exhibited normal weight gains during the treatment period (Table 4) . No pharmacotoxic signs were observed. At necropsy, no gross changes were observed in any of the animals. Thus, the acute oral LD 50 of T-PSS is greater than 5.0 g/kg. 
Gel (10% T-PSS)
No effect on tissue histopathology, hematology, blood chemistry or body weight. Mild (acceptable) irritation of the rabbit vagina.
a Mutagenic potential of T-PSS was evaluated by the plate incorporation method using S. typhinurium (strains TA98, TA1000, TA1535, and TA1537) [48] . b Highest doses tested. c Acute toxicity was determined by the limit test [49] . T-PSS was administered orally as a single dose, and the animals were observed for clinical signs and mortality for 14 days. d Test gel was applied topically (0.5 ml/site) to 1 intact and 1 abraded site, and covered with a gauze pad and plastic wrap, and dermal irritation was scored according to the Draize system after 24 h [50] . e Test gel was applied to the penis hourly for 4 h on 3 consecutive days. The penis was observed for erythema and eschar formation before and 1, 24, and 48 h after the last application. Subsequently, the penis was dissected, observed for changes, fixed, stained, and studied histopathologically. f Dermal sensitization was determined by the modified Buehler procedure [49] . Gel was placed in Hilltop-style occlusive chambers, applied to the shaved left trunk, and overwrapped with micropore tape and surgical tape. After 6 h, the animals were unwrapped. The animals were treated in this fashion once weekly for 3 wk, and skin irritation was determined 24 and 48 h after each application. Two weeks later, the animals received a challenge dose at a naive site and were again scored for irritation after 24 and 48 h. g Test gel was placed vaginally for 14 consecutive days during which time the weight, appearance, behavior, pharmacotoxic signs, and vaginal bleeding and discharge were evaluated approximately 30 min and 4 h after each gel application. Twenty-four hours after the last dose, the animals were necropsied and the organs were fixed, stained, and examined histologically. Blood was collected at necropsy, and hematological blood chemistry, and blood coagulation parameters were evaluated.
In the dermal irritation studies, no edema was observed in any of the rabbits at the 24-and 72-h observation points with gel containing 10% T-PSS or placebo gel (Table 4) . Slight erythema (grade 1) was observed in two of six animals treated with the T-PSS gel but not with the placebo gel. Both gels were classified as nonirritating to the skin. Penile irritation studies in the rabbit revealed no histopathological changes attributed to either the 10% T-PSS gel or the placebo gel, so both gels were classified as nonirritating to the penile mucosa (Table 4) .
No dermal sensitization in the guinea pig occurred following treatment with a challenge dose of gel containing 10% T-PSS or with the placebo gel or in untreated control animals (Table 4) . By contrast, a positive response was obtained following treatment with a challenge dose of hexylcinnamaldehyde, a known sensitizer. Based on these observations, neither the T-PSS gel nor the placebo gel were considered dermal sensitizing agents.
Subacute vaginal irritation studies were performed in the rabbit and rat. No differences in mean body weight were observed among the treatment groups (gel containing 10% T-PSS, the placebo gel, or untreated controls) in either the rat or the rabbit (Table 4) . Also, no differences were observed among treatment groups in 1) hematological parameters, blood chemistry, and blood coagulation parameters, 2) gross observations of the organs at necropsy, and 3) organ weights. No histopathological alterations that could be attributed to either the T-PSS gel or the placebo gel were observed in the tissues. Thus, neither the T-PSS gel nor the placebo gel produced systemic toxicity in the rabbit or rat following vaginal application for a 14-day period. The rabbit vagina was also studied for histopathological changes. The regional and composite group averages were classified as minimal for the untreated control and the placebo gel groups and as mild for the T-PSS gel group; thus, both the T-PSS gel and the placebo gel were deemed acceptable for clinical trial.
DISCUSSION
Antimicrobial contraceptive products may be used to decrease or eliminate transmission of HIV and other STDcausing microbes and to prevent unplanned pregnancies. Unfortunately, presently marketed vaginal contraceptive products that contain nonoxynol-9 do not appear to be sufficiently effective in regard to their anti-HIV/STD activity [20] [21] [22] [23] , may cause vaginal inflammation and irritation if used frequently [7] [8] [9] , and can inactivate the natural protective vaginal lactobacilli [12, 13] . One strategy worth pursuing is the development of new vaginal formulations with active ingredients that are not cytotoxic but that inhibit the functional activity (host cell binding and entry) of spermatozoa and STD-causing microbes. Initial studies suggested that PSS, an anionic polymer, may be such an ingredient [32] .
PSS can in general be found in two forms: a soluble non-cross-linked form and a water-insoluble form in which repeating chains of the polymer are cross-linked to form a polymer matrix. The latter form is used clinically as a cation exchange resin for the treatment of hyperkalemia [51] . High oral doses (15-60 g/day) are administered without side effects other than severe ion depletion from overdoses. The cross-linked polymer is not of practical use for a vaginal formulation because of its insolubility. The soluble form of PSS is not marketed clinically, although it is used cosmetically as a skin firming product (Flexan 30; National Starch & Chemical Co., Bridgewater, NJ). This form is usually synthesized by a method that can result in contamination with toxic substances (e.g., chlorinated hydrocarbons), making the resultant product not applicable for clinical purposes. To avoid such contaminants, a water-based synthesis method was developed. The resultant material, called T-PSS, has a molecular mass of Ͼ500 000 daltons and is highly water soluble. The high molecular mass was hypothesized to effectively eliminate vaginal absorption. In support of this hypothesis, no systemic toxicity was found after vaginal application of gel with 10% T-PSS to the rab-bit or rat for 14 consecutive days. The water solubility of T-PSS makes the compound easy to formulate. The choice of vehicle was important because its components (excipients) should not interfere with the properties of the active ingredient and must allow adequate bioavailability. A gel formulation for T-PSS was selected because this dosage form appears to be preferred by the majority of women [34] .
T-PSS gel was highly contraceptive when 0.75 ml gel containing 2% or 5% T-PSS was placed vaginally in the rabbit before artificial insemination (depositing 15 mg and 37.5 mg of T-PSS, respectively). This finding suggests that the gel spreads adequately and relatively quickly through the vagina after deposition. Little or no contraceptive activity was observed when 0.75 ml of gel with 1% T-PSS (depositing 7.5 mg T-PSS) or the placebo were tested under the same conditions. Because the compound itself was completely contraceptive when mixed directly with spermatozoa at a concentration of 1 mg/ml before vaginal insemination of the mixture, it may appear that some contraceptive activity was lost. However, after vaginal placement, the gel presumably spread over a large portion of the vagina, effectively reducing the amount of T-PSS present at a particular site. Although 7.5 mg of T-PSS was deposited in the vagina by the 1% T-PSS gel, less may have been available in the area of contact with the spermatozoa. A concentration of 62 ϫ 10 6 sperm/ml was used for these studies because initial experiments had shown that conception was consistently obtained when 0.5 ml was placed vaginally in the rabbit. Higher concentrations also produce conception but would reduce the sensitivity of the assay. In addition, the average sperm concentration of the human ejaculate is usually less than 62 ϫ 10 6 sperm/ml [52] .
The contraceptive properties of the test gel do not appear to be associated with an effect on sperm migration because the same number of spermatozoa were recovered from the oviducts of animals treated with both the test gel and the placebo gel. Although a slightly lower number of spermatozoa was found in the uteri of the test animals, fertilization potential is determined by the spermatozoa in the oviducts. The lack of effect on sperm migration suggests that the gel does not act by preventing sperm motility but rather acts by interfering with the sperm's fertilizing capacity.
Neither T-PSS alone nor the T-PSS gel caused a decrease in the percentage of motile spermatozoa, confirming the above supposition, i.e., that the contraceptive properties of the gel are not due to a cytotoxic effect on spermatozoa. T-PSS alone or in gel, but not the placebo gel, inhibited hyaluronidase and acrosin, enzymes with putative functions in the fertilization process [53] . Inhibitors of these enzymes are known to be contraceptive when placed vaginally [54, 55] . An effect of PSS of unknown molecular mass on the binding of sperm proacrosin to fucoidin, a sulfated polysaccharide, was previously reported [56] . Furthermore, both T-PSS alone and the T-PSS gel caused the dispersion of the acrosomes from spermatozoa. Because the acrosome is also important for successful penetration by the spermatozoon of the layers surrounding the egg [53] , the induction of a premature loss of the acrosome in the vagina may have added to or been the cause of the contraceptive effects of T-PSS.
The 5% T-PSS gel had an inhibitory effect on the entry and migration of human spermatozoa into and through cervical mucus in the Penetrak test. Although the T-PSS itself also inhibited penetration of cervical mucus by spermatozoa, the gel appeared to be more active than would have been the case if the effect was only due to the active ingredient. Because the placebo gel also had a significant penetration inhibition effect, the gel's viscosity or other base properties most likely added to the ability of the active ingredient to prevent sperm-cervical mucus interaction. The rabbit has a relatively open cervix, so cervical mucusblocking agents probably have only a minimal effect or no effect on sperm migration. No effect of the T-PSS gel on sperm transport in the rabbit was noted (see above). However, the human cervix is effectively blocked by the presence of mucus. If the in vitro data hold true in vivo, T-PSS will be contraceptive in the human by preventing spermegg interaction and by decreasing sperm entry and penetration into cervical mucus.
The T-PSS gel effectively inhibited the infectivity of HIV, HSV-1, HSV-2, and C. trachomatis and the multiplication of N. gonorrhea. By contrast, the placebo gel had no effect on these microbes; thus, the antimicrobial properties appear to be due entirely to the T-PSS and not to any of the vehicle components. T-PSS does not seem to lose any of its antimicrobial effectiveness after being formulated in the gel, based on comparisons of the gel data with the previously published results on the drug substance [41] and with the HIV inhibition results obtained with the drug substance in the present study. In the present experiments, T-PSS also had high inhibitory activity against a number of clinical and laboratory strains of HIV and against clinical isolates of HSV.
T-PSS (alone or in gel) had no effect on lactobacilli, which are important components of the normal protective vaginal microflora. In contrast to STD-causing microbes, lactobacilli do not infect cells, i.e., they do not bind to and enter target cells. Therefore, these microbes lack the invasion mechanisms that are probably the target for the action of T-PSS. T-PSS alone or in gel form also had no cytotoxic effects on the host cells in the microbial infection assays. Comparative studies with HSV have shown that nonoxynol-9 has lower antimicrobial activity than T-PSS and is very cytotoxic to the host cells, leading to the conclusion that T-PSS has a 10 000-fold higher selectivity index (50% cytotoxic dose/50% effective dose; CD 50 /ED 50 ) than nonoxynol-9 [41] .
The mechanism of antimicrobial action of T-PSS is presently not well understood. Glycosaminoglycans (GAGs), specifically heparan sulfate (HS), appear to be important for the adherence of such diverse pathogens as N. gonorrhea, C. trachomatis, and HSV to cell surfaces. Cell surface GAGs, including HS, also seem to have an important role in HIV binding/entry into host cells. Polysulfated polymers and polysaccharides can interfere with microbial infectivity, possibly by mimicking HS and preventing cell surface binding and cell entry [26, 29, 57, 58] . Experiments conducted to examine the mechanism(s) of T-PSS antiviral activity indicated that the compound is as effective as heparin (a known inhibitor of HSV binding to cell surface HS) in preventing absorption of HSV to host cells when the cells were pretreated with compound [41] . GAGs also appear to have an important role in the fertilization process (especially the acrosome reaction), and a high molecular mass (but not low molecular mass) sulfated polysaccharide (dextran sulfate) was reported to inhibit fertilization in vitro [59] [60] [61] [62] . Thus, an interaction with cell surface GAGs may be one of the common mechanisms whereby T-PSS inhibits both the infectivity of microbes and the fertilization of spermatozoa.
Besides GAG interactions, other mechanisms are likely to play a role in the antimicrobial and contraceptive activity of T-PSS. T-PSS but not heparin inhibited viral binding when the virus was pretreated with compound and the mixture was subsequently diluted to noninhibitory concentrations of T-PSS [41] . This finding suggests that T-PSS has other than heparin-like inhibition properties and either inactivates the virus or irreversibly binds to HSV glycoproteins. In addition, T-PSS inhibits postbinding steps, including infection mediated by intracellular HSV and cell-cell spread [41] . Furthermore, the present experiments show that T-PSS inhibits hyaluronidase and acrosin, a proteinase. Besides their role in the fertilization process, hyaluronidase and proteinases also function in the infectivity of a number of pathogenic microbes, including HIV [63] [64] [65] [66] [67] . These observations suggest that the overall anti-STD/HIV and antifertility activity of T-PSS may involve multiple mechanisms. Safety is an important concern to be addressed before a compound/formulation is selected for clinical trial. The tests reported presently are typical of those required by the U.S. Food and Drug Administration (FDA) before a clinical trial is allowed. Our results show that T-PSS has a very high safety profile. The drug substance was nonmutagenic in the standard Ames test and had very low oral toxicity. Gel containing a high concentration of T-PSS (10%) had no or minimal toxic effects in the penile irritation, skin irritation, and dermal sensitization tests. Vaginal application of 10% T-PSS gel for 14 consecutive days to both rabbits and rats caused no systemic changes, as indicated by a lack of effect on hematological, blood chemistry, and blood coagulation parameters, or on organ weights and histology. Vaginal irritation was mild after the 14-day application of 10% T-PSS gel and was well within FDA guidelines for acceptability. The low vaginal irritation parallels the lack of cytotoxicity of T-PSS. These toxicity studies suggest that a gel containing up to 100 mg/ml (10%) T-PSS can be used safely.
A desperate need exists for a vaginal formulation that prevents heterosexual transmission of HIV and other STDcausing pathogens. The formulation should also be contraceptive, as several surveys have shown. Such a formulation should have a very high safety profile, should have no effect on the normal vaginal microbial flora, e.g., lactobacilli, and should not cause vaginal irritation. Based on the present data, the T-PSS gel appears to possess these properties, making it an attractive candidate for clinical evaluation.
